Background: Calcium signaling plays a prominent role in plants for coordinating a wide range of developmental processes and responses to environmental cues. Stimulus-specific generation of intracellular calcium transients, decoding of calcium signatures, and transformation of the signal into cellular responses are integral modules of the transduction process. Several hundred proteins with functions in calcium signaling circuits have been identified, and the number of downstream targets of calcium sensors is expected to increase. We previously identified a novel, calmodulin-binding nuclear protein, IQD1, which stimulates glucosinolate accumulation and plant defense in Arabidopsis thaliana. Here, we present a comparative genome-wide analysis of a new class of putative calmodulin target proteins in Arabidopsis and rice.
Background
The low solubility product constants of calcium phosphate salts provide a chemical rationale for the evolution of Ca 2+ as a universal second messenger. The necessity to decrease cytosolic Ca 2+ concentrations to submicromolar levels by exporting the cation into extracellular spaces or intracellular compartments that do not generate ATP, such as the endoplasmic reticulum or vacuole, creates a steep concentration gradient that allows for the controlled and gated generation of rapid Ca 2+ transients in response to extracellular stimuli. Such intracellular Ca 2+ signals are not only characterized by their magnitudes but also by their spatial and temporal resolution. The sum of these parameters is often referred to as the 'Ca 2+ signature' of a primary stimulus [1] [2] [3] [4] . Numerous environmental cues of biotic and abiotic nature and endogenous physiological and developmental conditions trigger specific Ca 2+ signatures [2, [5] [6] [7] [8] . Stimulus-specific Ca 2+ oscillations are generated by voltage-and ligand-gated Ca 2+ -permeable channels (influx), and by Ca 2+ -ATPases and antiporters (efflux) to regain resting Ca 2+ levels [3, 7] . Approximately 80 genes coding for potential Ca 2+ channels, pumps and antiporters have been identified in the Arabidopsis genome, suggesting complex generation and regulation of stimulus-specific Ca 2+ signatures [8] .
Calcium spikes are recognized by several Ca 2+ -binding proteins and are decoded via Ca 2+ -dependent conformational changes in these sensor polypeptides and interacting target proteins [6, [9] [10] [11] . Several classes of Ca 2+ sensors have been identified in plants that contain a Ca 2+ -binding helix-loop-helix fold known as the EF-hand motif. Calmodulin is the archetypal Ca 2+ sensor, which is exceptionally conserved in eukaryotes and contains four EF-hand motifs. About 250 EF-hand motif-containing proteins have been identified in Arabidopsis [12] , including six typical calmodulins and 50 calmodulin-like proteins that differ significantly in sequence and number of EF-hand motifs [13, 14] . Members of a second, plant-specific family of Ca 2+ sensors, which usually contain three EF-hand motifs, have similarity to the regulatory B-subunit of calcineurin in animals and are referred to as calcineurin Blike (CBL) proteins [9, [15] [16] [17] . While calmodulins and CBL sensor proteins have no catalytic activity on their own and therefore are sometimes referred to as 'Ca 2+ sensor relays', a third major class of Ca 2+ sensors are bifunctional proteins, known as Ca 2+ -dependent protein kinases (CDPK), which contain a calmodulin-like domain with four EF-hand motifs and a Ca 2+ -dependent, Ser/Thr protein kinase domain on a single polypeptide chain [18, 19] . Because of their dual functions as Ca 2+ -binding proteins and catalytic effectors the CDPK proteins are considered 'Ca 2+ sensor responders'. In Arabidopsis, CDPK and CBL proteins are encoded by multigene families of 34 and 10 members, respectively [16, 19] . CDPKs play essential roles in hormone and stress signaling pathways as well as in plant responses to pathogens [20, 21] .
To transmit the information of the second messenger, Ca 2+ sensor relays such as calmodulins and CBL proteins interact with target proteins and regulate their biochemical activities. During the final phase of the transduction process, the target proteins modulate diverse cellular activities to establish the specific response to a given extracellular signal. The CBL sensor proteins interact specifically in a Ca 2+ -dependent fashion with a single family of SNF1-like Ser/Thr protein kinases, known as CBL-interacting protein kinases or CIPKs, which are encoded by 25 genes in Arabidopsis [16, [22] [23] [24] . Current data indicate that CBL-CIPK interaction networks provide a signaling module for integrating plant responses to an array of environmental stimuli [17, 23, 25, 26] . In contrast to CBL sensor proteins, which regulate a select set of target protein kinases, calmodulins interact with an astonishingly large number of target proteins. These have been extensively reviewed and include among other functional categories, proteins implicated in generating Ca 2+ signatures, enzymes in signaling and metabolic pathways, and transcriptional regulators [6, 8, 11, [27] [28] [29] . The calmodulininteracting domains of target proteins are not necessarily related in structure and exhibit high sequence variability, which may reflect the versatility of the calmodulin sensor relay. Nonetheless, calmodulin-interacting domains usually consist of a short (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) residues) basic amphiphilic helix, which is recognized by a flexible hydrophobic pocket that forms upon Ca 2+ binding to calmodulin [9, 10, 30, 31] . Three calmodulin recruitment motifs are currently known although not all functionally characterized calmodulin-binding domains contain these specific motifs: the IQ motif (IQxxxRGxxxR; Pfam 00612) is thought to mediate calmodulin retention in a Ca 2+ -independent manner, whereas Ca 2+ -dependent interaction can be achieved by two related motifs, termed 1-5-10 and 1-8-14, which are distinguished by their spacing of bulky hydrophobic and basic amino acid residues [31] [32] [33] [34] . Using various biochemical approaches, about 200 target proteins have been identified in Arabidopsis, a number that is expected to rise [8, 11] .
In a genetic screen for regulatory factors of the glucosinolate homeostasis in Arabidopsis thaliana [35] , we have recently identified a gene coding for a calmodulin-binding protein with similarity to SF16 from sunflower [36] . We termed this protein IQD1 for the presence of a plantspecific domain of 67 conserved amino acids (referred to as IQ67 domain), which is characterized by a unique and repetitive arrangement of IQ, 1-5-10 and 1-8-14 calmodulin recruitment motifs. We demonstrated by biochemical and genetic studies that IQD1 is a nuclear calmodulinbinding protein that stimulates glucosinolate accumula- [37] cloned IQD1 and reported closely related genes IQD2-IQD6. The designation of IQD7-IQD33 is based on the phylogenetic analysis presented in Figure 1a . d PSORT predictions: N (nucleus), C (chloroplast), M (mitochondrion). TargetP predictions: values indicate score (0.00 -1.00) and reliability class (1-5; best class is 1).
Phylogenetic analysis and exon-intron organization of IQD genes in Arabidopsis thaliana and Oryza sativa Figure 1
Phylogenetic analysis and exon-intron organization of IQD genes in Arabidopsis thaliana and Oryza sativa. Neighbor-joining trees of full-length amino acid sequences encoded by Arabidopsis (a) and rice (c) IQD genes are shown. The gene coding for the protein containing a C-terminally truncated IQ67 domain in Arabidopsis, At5g35670, and in rice, Osm0603925, was used as outgroup for each family. Bootstrap values (1,000 replicates) are placed at the nodes, and the scale bar corresponds to 0.1 estimated amino acid substitutions per site. Subfamilies and subgroups of IQD genes (I-IV) are highlighted by colored vertical bars on the right of the trees. The exon-intron organization of the corresponding IQD genes is shown for the Arabidopsis (b) and rice (d) gene family. Exons are depicted as boxes and introns as connecting thin lines. Protein-coding regions are colored in red, and non-translated regions, when supported by full-length cDNA sequences, are shown in black. The gene structures are drawn to scale and aligned along the left border (indicated by vertical dotted line) of the exon encoding amino acids 17-67 of the IQ67 domain, with the exception of At5g03960, Os08m00126 and Os01m06663 that have lost the respective intron. Additional intron losses are indicated by asterisks between Arabidopsis gene pairs. The exon-intron organization of the Arabidopsis IQD genes was taken from the TIGR Arabidopsis database, with the exception of At1g01110 for which the MIPS annotation was used as template. The presentation of the exon-intron organization of rice IQD genes was adapted to match the TIGR format of Arabidopsis IQD genes. The length of the second and third intron of Os02m01875 and Os03m04309 is 3.8 kb and 2.1 kb, respectively. Most introns of IQD genes are in phase-0. Six Arabidopsis and seven rice IQD genes contain phase-1 and phase-2 introns, which are labeled with the respective Arabic numeral. At2g02790, for which no full-length cDNA sequence is available, may also contain a phase-1 intron on its 3'end. Amino acid sequence conservation of the IQ67 domain
Figure 2
Amino acid sequence conservation of the IQ67 domain. Aligned are sequences of the IQ67 domain of 72 putative IQD proteins form Arabidopsis thaliana (a), Oryza sativa (b), Pinus spp. and Physcomitrella patens (c). Each protein is identified by its gene identification (Arabidopsis and rice) or accession number (pine and moss). The numbers above the scheme (1-67) indicate the position within the domain as defined in this study. The position of the conserved phase-0 intron that separates the coding region of the IQ67 domain between codon 16 and 17 is marked by an arrow. The shading of the alignment presents residues (white text) of the IQ motifs (red), the 1-5-10 motifs (blue) and the 1-8-14 motifs (green). If a residue is part of more than one motif, the residue is shaded in the first assigned color as determined by the order of motifs listed above. In addition, acidic, basic and hydrophobic amino acid residues that are conserved in at least 50% of the 72 sequences are shaded in grey, pink and yellow, respectively. The scheme of connected triangles below panel C depicts the position and boundaries of the IQ (red), 1-5-10 (blue) and 1-8-14 (green) motifs. The consensus sequence at the bottom is based on the residues with greater than 50% conservation among the 72 proteins shown (#, hydrophobic; +, basic). Black braces at right indicate the major subfamilies as defined by the phylogenetic analysis of the 72 IQ67 domain sequences in Figure 7 . Accession numbers of the putative pine and moss IQD proteins are given the prefixes 'Ps' and 'Pp', respectively. tion and plant defense [37] . In this study, we present a comparative genome-wide analysis of the entire IQD gene families in Arabidopsis thaliana (33 loci) and Oryza sativa (29 loci) , which are predicted to encode proteins sharing the IQ67 domain. Our genomics analysis provides the framework for future studies to dissect the function of this emerging family of novel calmodulin target proteins.
Results

Identification and structure of IQD genes in Arabidopsis thaliana
In a previous study, we characterized IQD1 as a calciumdependent calmodulin-binding protein and identified six closely related genes in Arabidopsis [37] . The encoded proteins share a conserved central region of 67 amino acid residues, referred to as the IQ67 domain, which is characterized by the occurrence of multiple calmodulin-binding motifs [32, 33] [FILVW] ). In addition, several conserved basic and hydrophobic amino acid residues are flanking these motifs, and the IQ67 domain is predicted to fold into a basic amphiphilic helix ( [37] ; see Figure 2 ).
To uncover the entire family of genes coding for IQD proteins in the Arabidopsis genome, we searched available Arabidopsis databases with multiple BLAST algorithms using full-length IQD1 (454 amino acids) and its IQ67 domain as the query sequences, followed by additional searches with related sequences (see Methods). In addition, we performed a pattern search with the IQ motif and its degenerate versions as the query sequences and inspected each hit for the presence of an IQ67 domain. We subsequently performed pair-wise sequence comparisons to exclude redundant entries from the initial data set, which is frequently caused by multiple identification numbers of the same DNA or protein sequence in the databases. A total of 33 non-redundant putative IQD genes were extracted from these sources ( Table 1 and Figure 1 ). Full-length cDNA or EST sequences were available for 26 of those genes, and we attempted to clone by reverse transcriptase-mediated PCR cDNA sequences for the remaining seven genes. We succeeded to generate fulllength cDNAs for three additional genes, At1g17480, At1g18840 and At4g23060, but were unable to amplify cDNAs for At1g51960, At2g02790, At3g22190 and At3g49380. To date, no evidence is available supporting the expression of At1g51960 and At3g49380 (Table 1) . A comparison of the 29 genomic loci with their corresponding cDNA sequences revealed that most of the predicted gene models are correct, with only three exceptions (At4g10640, At2g26410, At1g01110). The full-length cDNA of At4g10640 encodes a protein that is 16 amino acid residues longer than the protein predicted by the MIPS MATDB annotation. This discrepancy is caused by the erroneous and superfluous annotation of a fifth intron in the last coding exon. For At2g26410, the translational start site and the 5' border of the first intron were misannotated for the MIPS MATDB entry when compared with its full-length cDNA. The available cDNA for At1g01110, annotated as a full-length cDNA (Arabidopsis TIGR db Annotation Version 5.0), encodes only three exons but is likely truncated at its 5'-end because (i) At1g01110 and At4g00820 are paralogous genes that evolved by a segmental duplication event (see Figure 1a and Figure 5 ), and (ii) the At4g00820 gene model of five coding exons is supported by a full-length cDNA sequence. We therefore consider the MIPS MATDB annotation of At1g01110 (five coding exons) to be correct. The gene models of At1g51960, At2g02790, At3g22190 and At3g49380 remain to be verified as no full-length cDNA sequences are available. Structural examination of the 33 putative IQD genes revealed the presence of 2-6 translated exons, suggesting that IQD proteins are quite diverse. Almost two-thirds of the gene family (20 members) contains more than four protein-coding exons, and 12 genes encode one or two non-translated exons in their 5'-region Motif patterns in IQD proteins of Arabidopsis thaliana and Oryza sativa Table 5 that lists the multilevel consensus sequence for each MEME motif. The position of putative calmodulin-binding sites predicted by the Calmodulin Target Database [40] (see Table 4 ) is indicated by an asterisk above each protein model. IQD proteins are aligned in the same order as they appear in the phylogenetic trees (see Figure 1 ). Subfamilies and subgroups (I-IV) of IQD proteins are highlighted by colored vertical bars next to the gene identifiers. Figure 1b ). All introns of most IQD genes are phase-0 introns, separating exactly two triplet codons [38] . The last intron of At1g23060 is in phase-2, which lies between the second and third nucleotide of joining codons, and a phase-1 intron is found in five other IQD genes ( Figure  1b ). The average size of IQD genes in Arabidopsis is 2.4 kb (Table 3) .
Predicted primary structure and properties of Arabidopsis IQD proteins
Having identified non-redundant and verified potential IQD protein coding sequences, we developed a set of criteria for the presence of the IQ67 domain in the 33 predicted Arabidopsis proteins. The IQ67 domain is characterized by the precise spacing of three copies of the 11-amino acid IQ motif, which are separated by short sequences of 11 and 15 amino acid residues (Figure 2a ). The first IQ motif is best conserved (present in 32 proteins), followed by the second (26 proteins) and third (12 proteins) IQ repeat. Although the third IQ motif shows the highest degree of sequence degeneration, its initial hydrophobic amino acid and following glutamine residue are present in 31 proteins. Each IQ motif is congruent with a 1-5-10 motif of hydrophobic amino acids, which again is least conserved for the last IQ motif. A fourth 1-5-10 motif overlaps the first spacer sequence and second IQ motif. Each IQ motif also partially overlaps with a 1-8-14 motif. Besides these repetitive motifs, the IQ67 domain is characterized by the presence of additional conserved hydrophobic and basic amino acid residues flanking each IQ motif (Figure 2a ). A hallmark of IQD genes is the pres-ence of a phase-0 intron at an invariant position within the coding region of the IQ67 domain that disrupts codon 16 and 17 (equivalent to codon 9 and 10 of the first IQ motif). At5g03960 is the only exception to this rule, which encodes the entire IQ67 domain on its second and central exon ( Figure 1b and Figure 3a ). Given these criteria, 32 proteins contain at least two or three discernible IQ motifs with the accompanying 1-5-10 and 1-8-14 motifs in their IQ67 domain, which we therefore consider bona fide IQD proteins. The protein encoded by At5g35670 does not meet these criteria because it only contains the first, albeit truncated IQ motif provided by the N-terminal exon of the IQ67 domain (exon 2 of At5g35670). The exon coding for the remainder of the IQ67 domain (residues 17-67) is missing and replaced by an unrelated exon in At5g35670 (Figure 2a and Figure 3a ). However, the At5g35670 protein shares five common amino acid sequence motifs outside the IQ67 domain with a large set of IQD proteins as detected by comparative MEME (Multiple Expectation Maximization for Motif Elicitation) analysis [39] of the complete amino acid sequences of the 33 Arabidopsis proteins ( Figure 3a ). As most of these motifs are unique to IQD proteins, we consider At5g35670 a member of the IQD gene family in Arabidopsis. Since amino acids 17-67 of the IQ67 domain are encoded by the second or third exon of IQD genes, the IQ67 domain contributes to the core region of most IQD proteins. An interesting exception is At3g51380, which is the smallest member of the IQD protein family in Arabidopsis and consists of a C-terminal IQ67 domain and a short N-terminal extension of 35 amino acid residues.
Interaction of Arabidopsis IQD20 and calmodulin in vitro Figure 4
Interaction of Arabidopsis IQD20 and calmodulin in vitro. Calmodulin-agarose beads were incubated in the presence of Ca 2+ or absence of Ca 2+ (+EGTA) with soluble proteins prepared from induced bacterial cultures expressing a T7-tagged IQD20 protein and treated as described in Methods. Proteins of the total bacterial extract, the supernatant fraction, the entire pellet (beads) fraction, and of the last wash were resolved by SDS-PAGE, transferred to a membrane, and probed with a HRP conjugated T7-Tag monoclonal antibody.
Pellet
Last Wash Sup. Total EGTA -+ + -- Since At3g51380 is predicted to encode a 'minimal' IQD protein (IQD20), we tested whether calmodulin interacts with recombinant IQD20. We employed the same co-sedimentation assay that we recently used to demonstrate Ca 2+ -dependent binding of IQD1 to bovine calmodulin [37] . As shown in Figure 4 , an epitope tagged T7-IQD20 fusion protein preferentially co-sedimented with calmodulin-agarose beads in the presence of Ca 2+ , whereas noticeably less T7-IQD20 protein was bound to immobilized calmodulin when the incubation mix and wash buffer were supplemented with EGTA. Thus, our data indicate that the smallest member of the IQD protein family in Arabidopsis interacts with calmodulin in a Ca 2+independent manner but suggest that calmodulin binding is possibly stimulated by the presence of Ca 2+ ions. We interrogated the web-based Calmodulin Target Database, which computes various structural and biophysical parameters of a given protein sequence to predict calmodulin binding sites [40] . This analysis predicted that IQD20 and all other IQD proteins of Arabidopsis contain, in addition to multiple IQ motifs, strings of high-scoring amino acid residues that indicate the location of putative calmodulin interaction sites ( Table 4 ). The predicted calmodulin binding sites overlap with the IQ67 domain in 23 of the 33 IQD protein sequences (see Figure 3a ).
T7-IQD20
Although the predicted IQD proteins are quite diverse with respect to size (103-794 residues) and computed molecular mass (11.8-86.8 kD), they appear to be remarkably uniform in terms of their relatively high theoretical isoelectric point (10.3 ± 0.6), the only exception being At1g19870 (pI of 5.2), and with respect to the abundance of Ala (8.6 ± 2.2), Ser (12.2% ± 2.2%), and basic amino acid residues (Arg/Lys, 17.6% ± 2.2%). To uncover the possible subcellular localization of IQD proteins in Arabidopsis, we searched for different signature motifs specific to cellular compartments. Because of their high content of basic residues, and as suggested by PSORT, at least half of the IQD protein family (16 members) may be localized in the cell nucleus (Table 1) . This conjecture is supported by the presence of several basic clusters in IQD proteins that conform to the SV40-type, MATα2-type, and bipartite type of nuclear localization signals [41] , and by the nuclear localization of an IQD1-GFP fusion protein [37] . The remaining IQD proteins are predicted to be localized in the mitochondria (7), chloroplasts (5), or unknown compartments (Table 1) .
Chromosomal distribution and homology of Arabidopsis IQD genes
To infer clustering patterns that reflect IQD protein sequence similarity and evolutionary ancestry, we constructed phylogenetic trees by the neighbor-joining method [42] using IQD full-length sequences and the amino acid sequence of At5g35670 as outgroup. The At5g35670 gene encodes a C-terminally truncated IQ67 domain that lacks amino acid residues 17-67 (Figure 2a ). The phylogenetic analysis of the Arabidopsis IQD gene family reveals four well-resolved subfamilies, two of which can be further divided into subgroups supported by the presence and position of introns, the occurrence of common protein motifs outside the IQ67 domain, and bootstrapping values (Figure 1a and 1b; Figure 3a ). Large segmental duplications of chromosomal regions during evolution, followed by gene loss, small-scale duplications and local rearrangements, have created the present complexities of the Arabidopsis genome [43] [44] [45] [46] [47] [48] [49] [50] [51] . These events have likely shaped the size and structure of the current IQD gene family. We therefore analyzed the evolutionary history of IQD genes, which are relatively evenly distributed among all five Arabidopsis chromosomes ( Figure 5 and Table 1 ). [48] , we found that 26 of the 33 IQD genes are located in previously identified chromosomal duplications [45, 47, 48] . Eight pairs of duplicated IQD genes have been retained during evolution, whereas the IQD sister gene has been lost for each of the other 10 duplication events ( Figure 5 ). All 18 duplications involving IQD genes occurred during the relatively recent genome-wide duplication event 75 ± 22 Myr ago, as estimated by Simillion et al. [48] . In most cases, the paralogous relationships indicated by segmental duplication are supported by the exon-intron organization and the phylogeny of the IQD gene pairs (Figure 1a and 1b). The following pairs of genes are therefore close paralogous IQD genes in Arabidopsis, sharing 50-67% amino acid sequence identity: At1g01110 and At4g00820; At1g14380 and At2g02790; At1g17480 and At1g72670; At1g18840 and At1g74690; At1g51960 and At3g16490; At2g43680 and At3g59690; At3g09710 and At5g03040;
OsIQD28 (252) LAYAFSQQLRSCGGGGGGTT (271) a Roman numerals correspond to subfamilies and subgroups of IQD proteins as used in Figure 1 and Figure 3 . b Putative calmodulin-binding sites predicted by the Calmodulin Target Database [40] are shown for strings of amino acid residues with a score of at least "7". Residues with the highest score ("9") are highlighted in bold. At5g07240 and At5g62070. Two orphan genes contained in opposite parts of a duplicated segment pair on chromosome III and IV, At3g22190 and At4g14750, group in different subfamilies of the phylogenetic tree and share substantially lower primary structure identity (20%) as well as less preservation of exon-intron organization (Figure 1a and 1b ), suggesting reciprocal IQD sister gene loss after duplication of a chromosomal segment that contained two ancestral IQD genes. The genes At2g33990 and At3g15050 also appear to be closely related paralogs (Figure 1a, 43% identity); however they are positioned in different previously identified duplication segments, which points to a more complex evolutionary history. As expected, IQD genes of atypical structure (At5g03960, loss of intron in IQ67 coding region) or encoding atypical proteins (At1g19870, acidic pI; At3g51380, C-terminal IQ67 domain; At5g35670, truncated IQ67 domain) are either singleton genes (At5g35670, At3g51380), or orphan genes (At1g19870, At5g03960) whose homologous sister gene has been lost after duplication. Two pairs of closely positioned singleton genes, one each on chromosome III and IV, and two clustered genes in a duplicated segment on chromosome IV (At4g49260, At4g49380), suggest ancient tandem or local duplication events that have already resulted in substantial gene diversification (<30% identity for each gene pair). In summary, large-scale segmental duplication events appear to have exclusively contributed to the current complexity of the IQD gene family.
Identification and predicted properties of the IQD protein complement in Oryza sativa
We next explored the occurrence and size of the IQD gene family in the extensively sequenced genome of rice [52, 53] . BLAST searches in several databases of O. sativa ssp. japonica and indica (see Materials and methods) using several Arabidopsis full-length IQD protein sequences as the queries identified 29 different loci that encode nonredundant putative IQD proteins in rice. The general features of rice IQD genes and proteins are summarized in Table 2 and Table 3 . Full-length cDNA sequences are available for 16 genes and generally support the respective gene model, with the exception of two loci (Os01m05259, Os03m04309) that are incorrectly annotated (see Table 2 ). The putative full-length cDNA sequences of two additional genes (Os01m06663, Os06m3925) are likely truncated in their coding region when compared with the conceptual translation products of each corresponding locus. A gene model could not be derived for the Os01m06368 locus in either O. sativa subspecies that covers the open reading frame of a corresponding partial cDNA sequence. To date, independent evidence for gene expression has been obtained for six of the remaining ten IQD family members for which a fulllength cDNA is currently not available, suggesting that most IQD genes are functional in rice ( [106] ). g Nomenclature of OsIQD genes is arbitrary. Levy et al. [37] cloned AtIQD1 and reported closely related rice genes OsIQD1-OsIQD5. The designation of OsIQD6-OsIQD29 is based on the phylogenetic analysis presented in Figure 1c . h PSORT predictions: N (nucleus), C (chloroplast), M (mitochondrion). TargetP predictions: values indicate score (0.00 -1.00) and reliability class (1-5; best class is 1). i Region of Os01m05025 is not annotated on BAC clone AP003288 as indicated for AK062106 full-length cDNA sequence on KOME website [98] . Therefore, no Protein ID is available and the TIGR gene model accession is given instead. j Predicted gene model shows an N-terminal extension by 11 amino acids (possibly incorrect start codon), which was removed to meet consensus of IQD protein N-termini for computational analysis of protein properties. k Predicted protein of this gene locus is shorter for both O. sativa subspecies than the predicted polypeptide encoded by the partial cDNA clone that is truncated in the coding region N-terminal to the predicted IQ67 domain. Therefore, theoretical physico-chemical parameters of the predicted full-length protein could not be determined (n.d.). l Protein coding region is misannotated when compared with the predicted protein encoded by the full-length cDNA sequence. m BAC clone OJ1087C03 cannot be retrieved from GenBank. n Incorrect hyperlink from gene locus to BAC clone on RiceGE website. Chromosomal distribution and segmental duplication events for Arabidopsis IQD genes . The scale is in megabases (Mb) and is adapted from the scale available on the TIGR database (see Materials and methods). Non-hidden duplicated chromosomal segments [48] that contain at least one retained IQD gene pair are color-coded. In three such segments (blue, brown, light blue), one sister IQD gene has been lost. Additional non-hidden duplicated segments that have lost sister IQD genes are shown in white and both segments are labeled with the same Arabic numeral. The duplicated segments of one such event (number 3) have likely experienced reciprocal IQD gene losses as the remaining genes, At3g22190 and At4g14750, are only distantly related (see Figure 1a ). Numbers in italics at left indicate the estimated age (Myr) of the duplication event according to Simillion at al. [48] ; the age estimates are given only once in the order of IQD gene location beginning with chromosome I. (Figure 1d ). Furthermore, all introns in most OsIQD genes are in phase-0; only six genes contain a phase-1 intron in their 3'-region and one gene (Os04m04570) is characterized by the presence of two phase-2 and one phase-1 intron in its 5'region (Figure 1d ). Rice IQD genes are slightly larger than Arabidopsis IQD genes, which is a result of increased intron length (Figure 1b and 1d ; Table 3 ).
Conceptual translation of full-length cDNA or predicted mRNA sequences and computation of theoretical physico-chemical protein parameters reveal that the IQD protein complement in rice is remarkably similar to the IQD protein family in Arabidopsis ( Table 2 and Table 3 ). Comparative MEME analysis of the complete amino acid sequences of the 28 rice IQD proteins identified a similar set of conserved sequence motifs and their distribution along the polypeptide chain as found for members of the Arabidopsis IQD protein family ( Figure 3b and Table 5 ). The IQ67 domain is positioned close to the core region of IQD polypeptides and is characterized by the same hallmarks as described for the Arabidopsis family, including the location and spacing of the three calmodulin-binding motifs (i.e., IQ, 1-5-10, 1-8-14), and the position of an invariant phase-0 intron that separates codon 16 and 17 of the IQ67 domain (Figure 2b and Figure 3b ). As predicted by interrogation of the Calmodulin Target Database [40] , all rice IQD proteins contain additional putative calmodulin binding sequences that often overlap with the IQ67 domain ( Figure 3b and Table 4 ). It is interesting to note that the rice IQD gene family contains members with similar deviations from consensus properties as observed for the IQD gene family in Arabidopsis. These exceptions include loss of the phase-0 intron between the IQ67 domain-coding exons (Os01m06663, Os08m00125), replacement of the second exon coding for amino acids 17-67 of the IQ67 domain (Os06m03925), C-terminal location of the IQ67 domain (Os03m00334, Os04m04570), and an unusually large and acidic protein (Os04m05532). Since the rice IQD proteins display a similar range of structural and physicochemical characteristics as the IQD family in Arabidopsis, it is very likely that we have identified most of the IQD family members in rice. Again, the majority of the family members (16 proteins) may be targeted to the cell nucleus; the remaining IQD proteins are predicted to be localized in the mitochondria (4), chloroplasts (1), or unknown compartments (Table 2) .
Chromosomal distribution of rice IQD genes
Unlike the Arabidopsis IQD gene family, which is evenly distributed over all Arabidopsis chromosomes, the distribution of IQD genes in the rice genome is clearly biased towards three chromosomes. Almost half of the rice IQD gene family members (14 loci) are contained in chromo-somes I and V, and five genes are present on chromosome III. Three IQD genes are each found on chromosomes IV and VI, while seven of the twelve rice chromosomes contain either one or no IQD gene locus ( Table 2) . Such a heterogeneous distribution of IQD genes over the different rice chromosomes is consistent with an ancient aneuploidy event, which has been proposed to have occurred in rice about 70 Myr ago [51] , and not with a wholegenome duplication or polyploidization event. Duplicated segments cover substantial regions of chromosome V (16%) and chromosome I (11%), the second and third largest fraction of segmental duplications after chromosome II (22%) [51] . The topology of the phylogenetic tree of OsIQD genes suggests four pairs of paralogous genes that evolved by segmental duplication (55-69% amino acid sequence identity); interestingly, three such pairs include IQD genes located on chromosome I and V (Figure 1c ). Like the IQD protein family in Arabidopsis, the phylogenetic analysis of the rice gene family reveals four major subfamilies, and one can be divided into two subgroups. The two rice proteins containing the IQ67 domain at their C-terminus cluster as a separate subfamily (Figure 1c and 1d, Figure 3b ).
Comparative phylogenetic analyses
We further investigated the relationship between the Arabidopsis and rice IQD protein families by generating an alignment of the 61 identified IQD amino acid sequences followed by the generation of a neighbor-joining phylogenetic tree ( Figure 6 ). The combined phylogeny between the Arabidopsis and rice IQD sequences revealed six subfamilies of putative orthologous genes. Within each subfamily, the rice and Arabidopsis genes appear more closely related to each other than to IQD genes of the same species in a different subfamily, suggesting that an ancestral set of IQD genes already existed before the monocot-eudicot divergence. Four subfamilies of likely orthologous genes (I-IV) are composed of nearly identical sets of genes that constitute the respective subfamilies in Arabidopsis and rice (compare Figure 6 with Figure 1a and 1c). The remaining two subfamilies contain the genes encoding atypical IQD proteins in both species: At3g51380, Os03m00334 and Os04m04570 (IQ67 domain on protein C-terminus) are members of subfamily V, whereas At5g35670 and Os06m03925 (truncated IQ67 domain) comprise subfamily VI ( Figure 6 ). The two genes coding for the acidic and unusually large IQD proteins, At1g19870 and Os04m05532 (Table 1 and  Table 2 ), are members of subfamily IV and form a pair of orthologous genes. These subgroups of orthologous genes and other branches within the subfamilies are well-supported, which may be indicative for a relatively early diversification of IQD gene structure and function during plant evolution. The three genes that experienced loss of the conserved intron separating the IQ67 domain-encod-ing exons, At5g03960, Os01m06663 and Os08m00125, are members of different subfamilies ( Figure 6 ), which suggests that intron loss occurred after the divergence of both evolutionary lineages. The phylogeny of Arabidopsis and rice IQD genes supports the occurrence of species-specific IQD gene duplications events. For example the two closely related IQD gene pairs in subfamily I (Os05m00863/Os01m00895 and At3g16490/ At1g51960) or subfamily IV (Os05m04307/ Os01m05025 and At1g18840/At1g74690) result from duplication events that occurred independently in both species.
To explore the evolutionary history of the IQD gene family in greater detail, we searched publicly available genomic and EST databases for homologous sequences in other plant species. We identified ESTs corresponding to IQD proteins for all angiosperm species represented in the TIGR Plant Gene Indices as well as for the gymnosperm Pinus ssp. (three putative full-length cDNA and six additional EST sequences). As expected, the putative fulllength IQD proteins of pine (TIGR Pinus Gene Index entries TC41979, TC52213, and TC52519) are very similar to the Arabidopsis and rice IQD proteins with respect to calculated molecular masses (38.9-56.8 kD), isoelectric points (pI of 10.1-10.3) and frequencies of Ala, Ser, Arg, and Lys residues. A combined phylogenetic analysis of the Arabidopsis, rice and pine full-length IQD protein sequences reveals that the IQD proteins from Pinus cluster with different subfamilies (see Figure 6 ), suggesting that IQD proteins predated the evolution of vascular plants. We also performed a BLAST search of the moss database (see Materials and methods) and identified one contig EST sequence from Physcomitrella patens that encodes an IQD-like protein (contig5180). Although the deduced amino acid sequence appears to be truncated at the C-terminus (20 amino acid residues downstream of the IQ67 domain), an appreciable similarity with the protein encoded by At1g01110 is evident (33% identity), which includes the presence of MEME motif 3 at its N-terminus (data not shown). Interestingly, alignment of the deduced IQ67 domain of the moss polypeptide reveals a deletion of six residues that correspond to the N-terminus of the second IQ67 domain-encoding exon of most Arabidopsis and rice IQD proteins (Figure 2c ). As the IQ67 intron is in phase-0 (see above) and since A. thaliana and O. sativa both express an IQD-like gene in which the second IQ67 domain-encoding exon is replaced by an unrelated exon, it is unlikely that the contig5180 DNA sequence is an artifact and probably represents either a novel variant of IQDlike genes or an ancestral gene of the IQD genes found in vascular plants. (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) correspond to the motifs schematically presented in the reference bars of Figure 3 . Motif 1 corresponds to the IQ67 consensus sequence. The remaining motifs are listed in the order as they occur in the primary structures of IQD proteins, continuing with motifs most Nterminal. b Sequences were obtained from the MEME analysis of the 61 Arabidopsis and rice IQD full length proteins. Only consensus sequences that are shared by at least four Arabidopsis IQD proteins are listed.
We finally examined the relationships between the IQ67 domains of the four plant species by constructing a neighbor-joining phylogenetic tree using the PAUP*4.0 program and the amino acid sequence alignment shown in Figure 2 . Three major subfamilies of IQ67 domain sequences can be observed, which each contain members of the Arabidopsis, rice and pine IQD families. In addition, two small subfamilies and two single branches originate deeply in the unrooted tree and are only distantly related to the three major subfamilies, which can be further divided into subgroups (Figure 7) . Bootstrap analyses indicated that the deep nodes of the tree have low statistical support, which may be attributed to the small size of the IQ67 domain. Low bootstrap support has also been observed for the phylogeny of the similarly sized DNAbinding domains of bHLH [54] , Dof [55] , or GATA [56] transcription factor families. Nevertheless, the IQ67 tree has better resolution in the outer clades. The short Phylogenetic relationships of the IQ67 domains encoded by IQD genes from Arabidopsis thaliana, Oryza sativa, Pinus ssp. and Physcomitrella patens. The unrooted tree was constructed from the alignment shown in Figure 2 using PAUP* 4.0 and the neighbor-joining method. Numbers on branches indicate the percentage of 1000 bootstrap replicates that support the adjacent node; low bootstrap support (<50%) was not reported. Black braces and Arabic numerals at right indicate the three major subfamilies as defined by the phylogenetic analysis of the 72 IQ67 domain sequences. Gene identification and accession numbers are colored using the same code as in Figure 6 to denote the different subfamilies of the parental IQD proteins. Accession numbers of the putative pine and moss IQD proteins are given the prefixes 'Ps' and 'Pp', respectively. The asterisk denotes the putative rice IQD protein for which a full-length amino acid sequence could not be predicted (see Table 2 ). branches at the tips of the tree indicate high sequence conservation and strong evolutionary relationships among subfamily members. Interestingly, although the major subfamilies of IQ67 domain sequences (1-3) and of IQD full-length protein sequences (I-IV) overlap only partially (compare color code in Figure 6 and Figure 7) , subgroups of IQ67 domain sequences largely correspond to subgroups of full-length IQD protein sequences as identified in Figure 6 , which is suggestive of exon shuffling during the evolution of IQD proteins. We also investigated the effect of different programs and methods on IQ67 domain tree topology. Using ClustalX and the neighborjoining algorithm or the PAUP*4.0 program and maximum parsimony analysis resulted in a similar tree topology (data not shown), which indicates that the neighborjoining tree presented in Figure 7 is robust and reflective of likely phylogenetic relationships between IQ67 domains within subfamilies.
Discussion
The IQ67 domain -a plant-specific arrangement of putative calmodulin-interacting motifs
In this study we characterized a possibly complete set of IQ67 domain-encoding genes in the current version of the Arabidopsis thaliana and Oryza sativa genomes. The defining features of the IQ67 domain are the invariant arrangement of three IQ motifs [32] separated by 11 and 15 intervening amino acid residues, and the conserved exon-intron organization (Figure 2) . A pattern search of the Arabidopsis proteome with the conventional IQ motif (IQxxxRGxxxR) and its more generalized versions ([ILV]QxxxRxxxx[R,K]) as the queries confirmed a set of 33 IQD genes identified by reiterative BLAST searches. As expected from previous reports, our pattern search evidenced three additional major families and numerous miscellaneous proteins that contain at least one IQ motif: the CNGC family of cyclic nucleotide gated channels (20 members; [57] ), the myosin family (17 members; [58] ), and the CAMTA family of calmodulin-binding transcriptional activators (6 members; [59] [60] [61] ). For each of these families, the spacing of IQ motifs and the exon-intron organization of the respective regions are unique and distinctive from the IQD family, which establishes the IQD proteins as a separate class of putative calmodulin targets of unknown biochemical functions (see Figure 8 ). The IQD proteins possibly constitute the largest class of putative calmodulin targets in plants. The size of the IQD family in Arabidopsis (33 proteins) and rice (29 proteins) clearly exceeds the size of other families of calmodulinbinding proteins [8] and is only comparable with the CIPK family (25-30 proteins) that interact with CBL Ca 2+ sensors in Arabidopsis and rice [16] . In addition to the IQ motif, the IQ67 domain contains multiple copies the 1-5-10 and 1-8-14 motifs, which are related and typified by their spacing of hydrophobic and basic amino acid residues. While the IQ motif is thought to mediate calmodu-Organization of IQ motifs in major families of calmodulin-binding proteins Figure 8 Organization of IQ motifs in major families of calmodulin-binding proteins. The scheme depicts the arrangement of the multiple IQ motifs present in proteins of the IQD family (this study; [37] ), the CAMTA family of calmodulin-binding transcriptional activators [59] [60] [61] , the myosin family [58] , and the CNGC family of cyclic nucleotide gated channels [57, 104] . The IQ motifs are shown as light-blue boxes. Predicted and experimentally verified calmodulin-interacting peptide sequences are shown in orange. The numbers in the white spacers equal the number of separating amino acid residues. The triangles and numbers above each protein family model indicate the position and the phase of conserved introns, respectively. The positions of the left and right most introns are not drawn to scale. lin retention in a Ca 2+ -independent manner, the 1-5-10 and 1-8-14 motifs are involved in Ca 2+ -dependent association of calmodulin with its target [33, 34] . However, it should be noted that not all characterized calmodulinbinding domains contain these features [31, 32] .
We previously demonstrated that Arabidopsis IQD1 binds to bovine calmodulin in a Ca 2+ -dependent fashion [37] . In this study, we tested calmodulin binding for IQD20, the smallest member of the Arabidopsis IQD protein family (103 residues), which consists only of the IQ67 domain at its C-terminus and a short N-terminal extension of 35 amino acid residues. Interestingly, we observed interaction of recombinant IQD20 with calmodulin in the absence of Ca 2+ , which is possibly augmented when the metal ion is present (Figure 4) . This observation and the prediction of putative calmodulin binding sites in IQD20 and all IQD proteins in Arabidopsis and rice, using the algorithm provided by the Calmodulin Target Database [40] , strongly suggest that all IQD proteins have the potential to interact with calmodulin ( Figure 3 and Table 4 ). Given our results with Arabidopsis IQD1 and IQD20, the prospect arises that different IQD proteins may interact with calmodulin in different modes, which could be Ca 2+ -independent, Ca 2+ -dependent, or more complex. The precise mechanism for each IQD protein is likely determined by the number and specific composition of the IQ, 1-5-10 and 1-8-14 motifs in the IQ67 domain, by the predicted calmodulin binding site adjacent to or overlapping with the IQ67 domain, and by the overall tertiary structure of the IQD protein. These structural features differ substantially between IQD1 and IQD20 ( Figure 2 , Table 1 , Table 4 ), which are likely responsible for the observed differences in calmodulin interaction with respect to Ca 2+ dependency. The identification of interacting calmodulin or calmodulin-like proteins [14] and the biochemical characterization of calmodulin binding sites for each IQD protein are important tasks for future research.
It is interesting to note that the Calmodulin Target Database successfully predicts experimentally verified calmodulin-interacting peptides in CNGC [57] and CAMTA [59] [60] [61] proteins, which are located at conserved positions adjacent to the IQ motifs (see Figure 8 ). Although the IQ motif is likely as widely distributed as calmodulin and calmodulin-like proteins, the IQ67-specific arrangement of the three calmodulin retention motifs is confined to plant proteins and not found outside the plant kingdom, suggesting that this calmodulin-interaction module arose early in plant evolution.
Evolution of IQD proteins
The presence of at least one putative IQD-like gene in Physcomitrella patens indicates that the IQD gene family originated during the early evolution of land plants, possibly before the divergence of bryophyte and vascular plant lineages 450-700 Myr ago [62] , but not later than the split of gymnosperms and angiosperms about 300 Myr ago [63] as evidenced by EST and full-length cDNA sequences coding for at least nine IQD genes in pine. Molecular and phylogenetic analysis of IQD and IQD-like genes from ferns, bryophytes and green algae will be necessary to resolve the evolutionary origin of the IQD gene family.
To explore how the IQD gene family has evolved since the monocot-eudicot divergence 170-235 Myr ago [64] , we performed a genome-wide comparative analysis of the IQD gene complement between Arabidopsis and rice. The phylogenetic trees of the 33 Arabidopsis and 28 rice IQD genes showed relatively long branches and closely clustered nodes, reflecting a high degree of sequence divergence, which is further indicated by the large variation in the number of protein-coding exons (2) (3) (4) (5) (6) and computed molecular masses of the predicted IQD proteins (Figure 1 and Tables 1, 2, 3 ). Based on their phylogenetic relationships, up to six different subfamilies of IQD genes can be defined for both species. This classification is supported by conserved exon-intron organization and protein motif patterns within each subfamily. The combined phylogenetic analysis revealed that members of all six subfamilies are present in the Arabidopsis and rice genome, indicating a relatively early diversification of the IQD gene family before the monocot-eudicot split ( Figure 6 ). In those subfamilies, seven members of both IQD gene families are clearly recognizable as distinct orthologous pairs (e.g. genes coding for atypical IQD proteins), suggesting that the encoded proteins exert similar functions in both species. On the other hand, it is currently impossible to assign potential functions to IQD genes that are the result of recent species-specific duplication events leading to independent functional diversification.
The topology of the phylogenetic trees at the outer branches suggests that gene duplication played a prominent role in the evolution of both gene families, which is supported by the analysis of duplicated segments in the Arabidopsis genome ( Figure 5 ). More than 80% of all genes in the annotated Arabidopsis genome reside in duplicated segments, and systematic analyses indicate that the Arabidopsis genome experienced a large-scale or even complete genome duplication event Myr ago, sometime between the Arabidopsis-Gossypium and Arabidopsis-Brassica splits [48, 49, 51, 65, 66] . Evidence for older (>100 Mya) large scale-duplications exist, however, the frequency and precise timing of polyploidizations remains to be resolved and is a focus of current research [45, [47] [48] [49] [50] 65, 66] . The location of IQD genes in the Arabidopsis genome is clearly reflective of the recent large-scale duplication event. The IQD gene family is uniformly distributed among the five chromosomes, and 26 (or 79%) of the 33 IQD loci are found in duplicated segments of the recent age class ( Figure 5 ). It is important to point out that 16 of those 26 genes in duplicated loci correspond to 8 IQD sister gene pairs, which represents an unusually high fraction of paralogous genes (44.5%) that have been retained from the extra gene set since the duplication event. Nonfunctionalization and subsequent gene loss is the most likely fate of a gene duplicate, and less than 27% of the entire paralogous gene set originating from polyploidy have been retained in Arabidopsis [45, 48] . Preferential retention of duplicated genes has been observed for gene families in Arabidopsis with functions in signal transduction and transcriptional regulation [44] . Specific examples include the gene families encoding Aux/IAA (71.5% [67] ), GATA (39% [56] ) and GRAS (40% [68]) transcription factors, or genes coding for 20S proteasome subunits (64% [69] ); the given percentages equal fractions of retained gene duplicates that we calculated from published data. Empirical evidence indicates that regulatory processes in metazoa such as signal transduction or gene transcription are dependent on gene dosage and stoichiometric protein-protein interactions [70] . As pointed out by Blanc and Wolfe [44] , retention of a near-complete set or subset of duplicated genes coding for regulatory components such as transcription factors, kinases, phosphatases or Ca 2+ -binding proteins would minimize disturbances in sensitive stoichiometric and concentrationdependent relationships.
The evolutionary history of the rice genome is less understood. The view of an ancient polyploidy event has recently been questioned by evidence suggesting that rice experienced a partial or entire duplication of one chromosome about 70 Myr ago and can thus be considered an ancient aneuploid [43, 51, 52, [71] [72] [73] . The observed nonuniform distribution of the 29-member IQD gene family in the rice genome, 50% of all IQD loci and three of the four paralogous IQD gene pairs are present on chromosomes I and V (Table 2) , is more consistent with an aneuploidy than whole-genome duplication event. If polyploidization had occurred, it would be expected that IQD genes are randomly distributed over the whole rice genome, as observed for the IQD gene family in Arabidopsis. Given the significant differences in genome size and estimated gene count between rice (420 Mb, 57,900 genes [52, 53, 74] ) and Arabidopsis (119 Mb, 27,500 genes [75] ), the slightly larger size of the IQD gene family in Arabidopsis (33 members) versus rice (29 genes) is in agreement with a whole-genome duplication event in the evolutionary history of the Arabidopsis genome. A similar difference in membership has been reported for the Arabidopsis and rice gene families encoding Dof and GRAS transcription factors [55, 68] . Nonetheless, IQD genes tend to be larger in rice than in Arabidopsis, which is mainly due to an increased intron length ( Figure 1 and Table 3 ). In addition to polyploidization and segmental duplication events, tandem duplication is another important mechanism in the evolution of gene families [76] and plays a significant role in Arabidopsis as 17% of all genes are arranged in tandem arrays [48, 77] . However, there is no evidence for tandem proliferation of the IQD gene families in the recent history of Arabidopsis and rice genomes.
Our analysis further suggests that exon shuffling played a major role during the evolution of IQD genes. Exon insertions and duplications, the major mechanisms of exon shuffling, contributed significantly to the complexities of eukaryotic proteomes [38, 78, 79] . A striking correlation between functional domains in protein and exons flanked by introns of matching phases, referred to as symmetrical exons, has been observed [38, 80] . As stated by the phasecompatibility rules of exon shuffling [81] , symmetrical exons and their flanking introns can be deleted, duplicated and inserted into introns of the same phase class without causing frame shifts. Thus, symmetrical exons flanked by introns of a single phase class tend to predominate in genes that largely evolved by exon shuffling and their nonrandom usage may be indicative of gene assembly by exon recruitment [38, 78] . An intriguing feature of IQD gene organization in Arabidopsis and rice is the almost exclusive presence of symmetrical exons flanked by phase-0 introns (Figure 1) . The strong bias for one intron phase class and the variation in the number of exons (2) (3) (4) (5) (6) , and consequently size of the encoded proteins, is consistent with exon shuffling during the evolution of IQD genes. Exon shuffling is also suggested by the comparisons of patterns of protein motifs (Figure 3 ) and by the phylogenetic analysis of IQD full-length proteins and IQ67 domains, which indicate that phylogenetic relationships based on the IQ67 domain do not necessarily recapitulate patterns of protein and gene structure (Figures 5 and 6 ). Putative exon shuffling events may be recognized in some of the IQD gene structures. For example, At5g35670 and Os06m03925 encode a partial IQ67 domain and may have experienced exon swapping, or At4g10640 may have acquired its penultimate exon when compared with At3g49380 of the same subgroup ( Figure  1 ). Exon shuffling may have played a prominent role in the diversification of IQD genes and their hitherto unknown functions. The above-mentioned gene families of transcription factors [55, 56, 67] contain introns of mixed phase classes, suggesting that exon shuffling played only a minor role during the evolution of these proteins with relatively defined functions. On the other hand, for example, all introns of genes coding for CIPKs are in phase-0 [16] . The exclusive usage of one phase class may indicate exon shuffling to generate the domain diversity necessary for kinase regulation and the ability to recognize a wide spectrum of protein substrates.
Potential roles for IQD proteins
We have recently identified At3g09710 (IQD1) in a screen for Arabidopsis mutants with altered glucosinolate accumulation [37] . Glucosinolates are synthesized mainly by cruciferous species and constitute a class of secondary metabolites with roles in plant defense against pathogens and herbivores [35] . Characterization of gain-and loss-offunction alleles of IQD1 demonstrated that the encoded protein functions as a modulator of glucosinolate pathway-related gene expression. Tissue-specific expression of IQD1 is consistent with glucosinolate accumulation and mainly confined to the vascular tissues. We further demonstrated that an IQD1-GFP fusion protein is targeted to the cell nucleus and that recombinant IQD1 interacts with calmodulin in a Ca 2+ -dependent fashion [37] . It is therefore intriguing to hypothesize that IQD1 integrates intracellular Ca 2+ signals elicited by environmental cues such as herbivorous attack to fine-tune glucosinolate synthesis and accumulation. It should be pointed out that the rice genome does not contain an ortholog of At3g09710 (Figure 6) , which is consistent with the absence of the glucosinolate pathway in this species and with functional diversification of the Arabidopsis and rice IQD gene families.
We are left to speculate on the biochemical and cellular functions of IQD proteins. One of the most intriguing features of IQD proteins is their high isoelectric point (~10.3), which has been maintained irrespective of protein size variation and domain composition, except for one family member each in Arabidopsis and rice. This observation suggests that the basic nature of IQD proteins is important for their biochemical functions. Although IQD proteins do not contain currently known DNA-or RNA-binding motifs, the basic isoelectric point and high frequency of serine residues, which are reminiscent of certain splicing factors [82] , suggest that IQD proteins may associate with nucleic acids and regulate gene expression at the transcriptional or post-transcriptional level. Interestingly, we have recently observed that Arabidopsis IQD1 binds to nucleic acids (T. Savchenko, B. Zipp and S. Abel, unpublished results). A regulatory role for IQD proteins is also suggested by the relatively high fraction of retained duplicated IQD genes in the Arabidopsis genome. Preferential retention of paralogous gene pairs is thought to counteract disturbances in gene dosage and stoichiometric ratios of regulatory protein complexes after large-scale segmental duplication events and the onset of gene inactivation and loss of gene duplicates [44] . In this context, it is interesting to point out that the multiple Ca 2+ -dependent and Ca 2+ -independent calmodulin recruitment motifs of the IQ67 domains are likely involved in specific and cooperative interactions with calmodulins or calmodulinlike proteins. These interactions may dramatically alter the dynamic range of Ca 2+ -binding kinetics and, in turn, modulate interactions of the oligomeric protein complex with additional target proteins [31, 83] . Many, if not most, members of the Arabidopsis and rice IQD protein families are likely to function in the cell nucleus (Tables 1 and 2 ). There is increasing evidence for the generation of nucleusspecific Ca 2+ -signatures in plant cells [1, [84] [85] [86] and for a potential regulatory role of calmodulin and related Ca 2+ sensor proteins in nuclear processes such as transcription or gene silencing [9, 60, 61, [87] [88] [89] [90] .
Conclusion
We have systematically identified and characterized by bioinformatics a novel family of putative calmodulin target proteins in two model plant species, Arabidopsis thaliana and Oryza sativa. Our phylogenetic analyses indicate that the major IQD gene lineages originated before the monocot-eudicot divergence and that the expansion of the IQD gene family in the genomes of Arabidopsis and rice is consistent with a recent polyploidization and aneuploidization event, respectively. The extant IQD loci in Arabidopsis primarily resulted from segmental duplication and reflect preferential retention of paralogous genes, which is characteristic for proteins with regulatory functions. The almost exclusive usage of phase-0 introns and variable number of exons suggests a role for exon shuffling during the diversification of IQD proteins, which is also supported by phylogenetic relationships between the IQ67 domain and full-length IQD proteins. The unusually basic isoelectric point of IQD proteins and their frequently predicted nuclear localization suggest that IQD proteins link calcium signaling pathways to the regulation of gene expression. Our study provides a framework for the functional dissections of this emerging family of putative calmodulin target proteins.
Methods
Identification of IQD genes
To identify members of the Arabidopsis thaliana IQD protein family, multiple database searches were performed using the Basic Local Alignment Search Tool (BLAST [91, 92] ) algorithms BLASTP and TBLASTN available on the National Center of Biotechnology Information (NCBI) and The Arabidopsis Information Resource (TAIR) databases [93] [94] [95] . We used the amino acid sequence of IQD1 and of its IQ67 domain as initial query sequences, followed by the amino acid sequences of other IQD family members. Amino acid sequence pattern searches were performed on the TAIR website using Patmatch. Arabidopsis nucleotide and protein sequences as well as information regarding the gene structure were obtained from the Munich Information Center for Protein Sequences (MIPS) Arabidopsis thaliana Database (MATDB) [96] , The Institute for Genomic Research (TIGR) Arabidopsis thaliana Database [74], and the Arabidopsis thaliana Plant Genome Database (AtPGD) [97] . To identify members of the rice (Oryza sativa) IQD protein family (OsIQD), we searched four different databases using the same BLAST algorithms. Sequences for O. sativa ssp.japonica were retrieved from the database at the TIGR Rice Genome Project [74] . Genomic sequences for ssp. japonica and ssp. indica were also obtained from the Gen-Bank database containing the results of the International Rice Genome Sequencing Project and the draft rice genome sequence of the Chinese Academy of Sciences [53, 93] . Rice full-length cDNA and EST sequences were searched in the Knowledge-based Oryza Molecular biological Encyclopedia (KOME) at the National Institute of Agrobiological Sciences [98] and in the TIGR Gene Indices [74] . Nucleotide and amino acid sequences as well as gene structure and chromosomal duplications were obtained from the same databases mentioned above. Genomic sequences that appeared to be misannotated by comparison with available cDNA sequences (full-length cDNAs, ESTs) were corrected for subsequent analysis. Sequences encoding putative IQD proteins in Pinus ssp. and Physcomitrella patens were identified by BLAST searches of the TIGR Gene Indices [74] and of the moss database NIBB PHYSCObase [99] .
Chromosomal duplication in the Arabidopsis genome
For the detection of large segmental duplications, we used the redundancy viewer at the MATDB [96] , the duplicated blocks map provided by TIGR [74], the interactive supplementary material by Simillion et al. [48] , and the interactive maps of duplicated blocks in Arabidopsis by Blanc et al. [45] .
Computational analysis of IQD proteins
The amino acid sequences of all IQD proteins were analyzed for physico-chemical parameters (ProtParam) and predicted subcellular localization (PSORT, TargetP) on the ExPASy Proteomics Server [100] . MEME (Multiple Expectation Maximization for Motif Elicitation) was used to identify conserved motif structures among IQD protein sequences [39] . Putative calmodulin-binding sites in IQD protein sequences were predicted by the Calmodulin Target Database [40] .
Alignment and phylogenetic analysis of IQD sequences
Multiple alignments of amino acid sequences were performed using ClustalW [101] or ClustalX [102] and were manually corrected. For generating the phylogenetic trees of full-length IQD protein sequences reported in Figures  1, 2 and 5, we used ClustalX (1.81) and the neighbor-joining algorithm [42] . Bootstrap analysis with 1,000 replicates was used to evaluate the significance of the nodes. The trees of the Arabidopsis and rice IQD protein families were rooted using each atypical protein containing a truncated IQ67 domain as an outgroup; an unrooted tree is shown for the combined analysis of all Arabidopsis and rice IQD proteins ( Figure 6 ). For the creation of the unrooted phylogenetic tree of IQ67 domain sequences in Figure 7 , we used in addition the PAUP*4.0 (b10) program to perform distance and parsimony analyses [103] . The same program was used for subsequent bootstrap analysis with 1,000 replicates to evaluate tree topology.
cDNA cloning
The identification and cloning of a full-length cDNA for At3g09710 has been described previously [37] . Using similar conditions for reverse transcriptase-mediated PCR, we amplified predicted full-length cDNA sequences for The resulting PCR products were subcloned into the vector pGEMT (Promega, Madison, WI) by TA cloning followed by DNA sequencing of the insert with T7 and SP6 primers.
Expression of AtIQD20 and calmodulin binding assay
A full-length cDNA fragment encoding the predicted IQD20 protein of Arabidopsis was generated by RT-PCR using gene-specific primers At3g51380 (forward: 5'-CGCGGATCCATGGCCAACTC-CAAACGTTTG-3') and At3g51380 (reverse: 5'-GAGGAAT-TCTTAATGAGAGAG-3'). The PCR fragment was subcloned into the BamHI and EcoRI sites of vector pET21a (Novagen, Madison, WI, USA), which provides an N-terminal T7-epitope tag. Expression of recombinant T7-IQD20 and calmodulin-binding assays using calmodulinagarose beads (phosphodiesterase-3':5'-cyclic nucleotide activator from bovine brain; Sigma-Aldrich, St. Louis, MO, USA) were performed as previously described [37] .
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